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An apparatus has been constructed to investigate the capillary 
shear degradation of polymer solutions. Maximum shear rates 
obtainable under flow conditions which could be characterized as 
5 -1 
nonturbulent were on the order of 10 sec . The effect of calcu-
lated shear rate, initial molecular weight, and number of passes 
through the capillary tube on the degradation of polystyrene 
(with M from 22,000 to 1,770,000) solutions in toluene (0.1 wt.%) 
v 
were studied. The tests in the 0.0105 in. ID stainless steel tube 
5 -1 
at a calculated shear rate of 1.36 x 10 sec show that, for equal 
number of passes, the lower the initial molecular weight of the 
polymer, the less the extent of degradation. An asymptotic value 
of the intrinsic viscosity is approached with pass number; shear 
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I. INTRODUCTION 
It has been known for some time that long-chain molecules can 
be broken mechanically; both in solution and in the bulk phase. 
In the flow of dilute solutions, degradation evidently occurs as 
a result of molecular stresses developed by hydrodynamic shear. 
1 
In spite of the relatively abundant literature dealing with the shear 
degradation, experimental data are not yet very consistent. We 
felt it desirable to obtain further information concerning the 
shear degradation of polymer solutions in glass and stainless 
steel capillaries and to investigate the extent of degradation 
as a function of initial molecular weight, calculated shear rate 
and number of passes through the capillaries. 
II. REVIEW OF LITERATURE 
It is known that the unique long chain structures of polymer 
molecules suffer breakdown due to shear forces during grinding, 
milling, beating, high speed stirring, turbulent flow or ultrasonic 
irradiation. 
Staudinger and Heuer(l) milled polystyrene in a ball mill. 
They found that, given identical circumstances, polymer molecules 
of different initial chain lengths are degraded to very similar 
(2) final chain lengths. Hess, Steurer and Fromm reported that 
appreciable degradation took place by grinding cellulose in a 
vibrating ball mill (the main effect is due to an impact of the 
balls, friction being negligible). The primary process, under the 
conditions of their experiments, was a purely mechanical one. 
(3) 
Morris and Schnurmann reported that with an apparatus 
5 -1 giving rates of shear of the order of 10 sec , under laminar flow 
conditions, long-chain molecules of molecular weights above 100,000 
(the kind of the polymer was not indicated by the author) were 
broken down. 
Sonntag and Jenckel (4 )found that when a polymethylmethacrylate 
solution in toluene, containing quartz powder as an absorbent, was 
2 
agitated, an irreversible decrease in specific viscosity took place. 
The rate of degradation increased linearly with the degree of poly-
merization, and increased with decreasing concentration, c, and 
* exhibited a maximum at a concentration value c which was identified 
with the concentration where the molecule coils just touched each 
other. In poor solvents with their small intrinsic viscosities, 
* the degradation was more rapid because of the c effect. 
Bestul and Belcher(5 ) studied the degradation of 10 polyi-
sobutylenes having M from 40,000 to 2,300,000 in a-dichlorobenzene 
v 
solutions (5, 10 and 15 weight-percent). Degradation was produced 
by mechanical shearing action in a McKee Worker-Consistometer which 
is essentially a capillary viscometer in which a single sample can 
3 
be repeatedly forced through a capillary shearing tube. The decrease 
0 
of viscosity on shearing in the capillary at 37.8 C and a nominal 
-1 
rate of shear of 65,000 sec was measured. Very little viscosity 
decrease was observed for polymers having molecular weights below 
500,000, but marked decreases were observed for polymers with 
molecular weights above 500,000. 
Bestul ( 6 ) also investigated the degradation of polyisobutylenes 
having M from 490,000 to 2,520,000 by shearing in solution in 
v 
n-hexadecane at polymer concentrations from 5 to 20 weight percent, 
-1 
at nominal rates of shear from 9,000 to 66,000 sec , and at 
0 0 
temperatures from 20 to 80 C. The extent of degradation increased 
with increasing rate of shear, decreased with increasing temperature, 
and increased with increasing concentration. Conversely, while 
studying the effect of pumping on the degradation of polyisobutylene 
(M =7.26 x 105 ) in cyclohexane (0.05 to 0.3 percent) and polymethyl-
v 
- 6 
methacrylate (M =1.5 x 10) in toluene (0.25 to 0.9 percent), 
v 
Chang ( 7 ) found that, for equal pumping times, low concentrations 
of polymer solutions degraded more than higher concentration solutions. 
4 
Bestul ( 8 ) also sheared solutions of 9.4% Vistanex B-100 
polyisobutylene (M = 1,740,000) in n-hexadecane initially at rates 
v 
-1 
of shear of 66,000 and 33,000 sec , respectively, and subsequently 
at interchanged rates. -1 Shearing at 66,000 sec before or after 
-1 
shearing at 33,000 sec reduced M to 1,150,000. Shearing at 
v 
-1 -1 -33,000 sec before shearing at 66,000 sec reduced M to 1,420,000. 
v 
-1 -1 After shearing at 66,000 sec subsequent shearing at 33,000 sec 
effected no further M reduction. Thus, a critical molecular weight 
v 
existed, dependent on the occurrence and degree of shearing, above 
which individual molecules in sufficient concentration suffered 
degradation and below which shear degradation did not occur. For 
fractions from degraded polymers, the reported molecular weight was 
not far below two million. This limit previously was found to be 
somewhat below one million for unfractionated, undegraded polymer. 
The concentrations of very high molecular weight polymer may be the 
same in both these cases. The degradation appears to occur with the 
same general mechanism in polymers of several different chemical 
compositions, since generally similar results are obtained with 
polystyrene as well as polyisobutylene. 
A rotational concentric-cylinder viscometer was used by Porter 
and Johnson(g) to measure the degradation of polyisobutylene in 
n-hexadecane at high shear rates under laminar flow conditions. 
0 
Results were obtained for 10% solutions at 25, 40 and 80 C and at 
5 -1 
several rates of shear up to 3 x 10 seconds . The degradation 
process is rapid and terminates at an equilibrium polymer molecular 
weight which is characteristic for a particular shear stress and 
5 
decreases linearly with increasing shear stress. 
The geometry of the thin-film, concentric cylinder, rotational 
viscometer used bj' Porter and Johnson ensures conditions of laminar 
floTT (lg) and '1a8 • f • TTl-. h w , a unl orm snear rate. wuereas in t e capillary vis-
cometer, used in Bestul's shearing experiment, the shear rate is not 
uniform, and degradation is dependent on the geometry of the 
capillary( 20). However, qualitatively, the results by the two differ-
ent methods( 6 ,B, 9 ) are the same and show the same molecular weight 
dependence. 
Opitz and Grohn(lO) studied the degradation of polymethyl-
methacrylate in water and in dilute solutions in a series of good and 
poor solvents (CHcl 3 , c 6H6 , tetrahydrofuran, heptane, Me 2co, BuOAc) 
during rapid stirring. In the case of water,precipitated polymer is 
not degraded at all by stirring. The effect of the solvent on degrada-
tion is shovm especially clearly in dilute solutions, in which the 
molecules do not interact with each other, but only with the solvent 
and within themselves. Degradation is faster when the polymer mole-· 
cules are extended, as in a good solvent. 
Harrington and Zimm(ll) investigated the shear degradation of 
dilute polystyrene solutions (~ = 1.07 x 10 7 and 3.72 x 106 ) in both 
v 
good and poor solvents by forcing fluid through a capillary using 
high driving pressures of nitrogen. Estimated critical forces per 
-6 
molecule, above v-rhich degradation occurs, are 3.5 x 10 dyne for poly-
-7 
styrene in good solvents, 4.0 x 10 dyne in poor solvents. These 
values are roughly two orders of magnitude smaller than a simple 
theoretical estimate (based on bond strengths). Their experiments, 
conducted over the temperature range from 15 to 45°C, disclosed no 




The purpose of this study was to investigate the effects of 
initial molecular weight, calculated shear rate and number of 
passes through a capillary of known dimension on the degradation 
of low distribution polystyrene samples in a good solvent (toluene) 
at 25°C. In all tests 0.1 wt.% polymer solution were used. This 
was done in order that all solutions have the same number of repeat 
units per unit volume. By measuring the intrinsic viscosities 
of the polymers before and after testing, an estimation of the 
decrease in molecular weight was obtained. 
A. Materials 
1. Polymers. 
Five polystyrene samples were prepared, and characterized by 
Pressure Chemical Company, Pittsburgh, Pennsylvania. They were: 
Designation M /M Lot Number 
w n 
A <1. 20 14A 
B <1.10 6A 
c <1.06 3A 
D <1.06 4A 
X <1. 06 7A 
E <1.06 2A 
2. Solvent. 
The organic solvent used in this investigation was CP grade 





All viscosity measurements were made using a Cannon-Ubbelohde 
Semi-Micro Dilution Viscometer of size 50 at 30 + 0.05°C. Efflux 
times were recorded to the nearest 0.1 second. 
2. Degradation Test Apparatus. 
A schematic diagram of the degradation test equipment is shown 
in Figure 1. The polymer solutions in the reservoir were forced 
through the capillary tube by nitrogen gas pressure. Fluid flow 
from the capillary tube was caught by a vessel constructed from a 
graduated glass cylinder. All of the solution in the glass cylinder 
was then forced back into the reservoir by low-pressure nitrogen gas 
from another gas cylinder. The fluid from the glass cylinder was 
directed into the reservoir by way of a 1/4-inch O.D. Teflon tube 
with a fritted glass filter at one end producing a recycling system. 
The reservoir was constructed from l-inch O.D. stainless steel 
pipe with two 1/4-inch O.D. stainless steel tubes on the top, the 
left one is the inlet for the fluid from the glass cylinder, the right 
one is for high pressure nitrogen gas inlet and pressure-relief. 
Three stainless steel capillary tubes purchased from Small Parts, 
Miami, Florida and two glass capillaries from Cannon Instrument Company 
were used in this investigation. By varying the inlet pressure in the 
reservoir for a given diameter tube, different shear rates were 
obtained. 
9 
Figure 1. Schematic Diagram of Degradation Test System 
1-6. Valves 
7. Pyrex glass stopcock with adapter and teflon plug 
8. Three-way Pyrex glass stopcock with teflon plug 
9. stainless steel tube 1/4-inch O.D. 
10. stainless steel tube 1/8-inch O.D. 
1/4-inch O.D. 11. teflon tube 
1/4-inch O.D. 12. glass tube with sintered glass filter at the lower end 
13. Reservoir: l-inch O.D. stainless steel pipe 
14. Aluminum jacket 
15. Capillary tube 
16. 1/4-inch O.D. brass tube 
17. Graduated glass cylinder of 200 ml 
18. Inlet water line from bath: 1/4-inch O.D. brass tube 
19. Outlet water line to pump and bath: 1/4-inch O.D. brass tube 
20. Brass connector: Swagelok fitting 
21. Teflon cover with three straight bores 
22. Brass tee 
23. Inlet from nitrogen gas cylinder 
24. Pressure-discharge line 






Figure 1. Schematic Diagram of Degradation Test System 
11 
The dimensions of these tubes are: 
I. D. (in.) Material Length (in.) L/D 
.0105 stainless steel 12.06 1152 
.0075 stainless steel 7.75 1029 
.0056 stainless steel 7.71 1390 
.0098 glass 10.37 1058 
.0065 glass 10.25 1568 
The stainless steel capillary tubes were jacketed with 5/8-inch 
O.D. aluminum pipe with Swagelok fittings on each end. The pipe 
was then connected to a water pump and constant temperature bath 
so that water would be pumped from the bath through the pipe 
surrounding the capillary tube and back into the bath. In this 
way the temperature of the fluid within the capillary tube could 
be kept at a constant temperature. Since this jacket was designed 
for higher-temperature control required in prospective investigations 
of polystyrene solutions in poor solvents, no water was directed into 
0 
the jacket in this investigation which was at room temperature (25 C). 
C. Procedure 
1. Calibration of Tubes. 
The most important variable in capillary viscometry is the capillary 
diameter. Thus, accurate calibration of the capillary tube used is 
important for obtaining reliable measurements. The usual procedure 
followed in calibrating the capillary tube is to use fluid of known 
viscosity and density, and applying the Hagen-Poiseuille law for 
laminar flow of Newtonian fluid to experimental data: 
1/4 
D = 2(8QL}I/1T.6P) (1) 
12 
where ~ is the viscosity, Q is the flow rate, L is the capillary 
length and ~p is the pressure drop across the tube (due to the high 
L/D ratio, the end effect is negligible). 
In this work a light Newtonian fluid (toluene) was used, and 
its viscosity was known. Using toluene, flow rate data at 25°C in 
the laminar region were obtained for the capillary tube to be used. 
The data obtained are tabulated in Table I (see also Appendix D for a 
sample calculation). 
The value of the diameter thus calculated from equation (1) was 
listed as the diameter for the capillary tube for that particular 
data point. The same procedure was followed for each data point 
in the set of data obtained for each tube. The average of these 
calculated diameters was taken as the correct diameter for that tube. 
Using the newly calculated diameter, the average shear rate at 
the tube wall may be calculated from the relation: 
(2) 
The calculated data are shown in Appendix B and used as a parameter 
in the degradation test under different shearing conditions. 
Table I. Calibration of Tubes Data 
A. Nominal 0.005-in stainless steel capillary tube 




















B. Nominal 0.007-in stainless steel capillary tube 














C. Nominal 0.010-in stainless steel capillary tube 
tube length = 12 1~ in. or 12.06 in. 




Avera~e Diameter 0.0105 in. 
D. Nominal 0.010-in glass capillary tube 
tube length = 10 ~ in. or 10.37 in. 





Average Diameter 0.0098 in. 
E. Nominal 0.007-in glass tube 





Flow Rate (cc/sec) 
.0858 
.1757 
















a. Flushing. In order to flush the degradation test system, 
the glass cylinder was charged with pure clean toluene and operated 
as the procedure described in Appendix A, but, before introducing 
the high-pressure nitrogen gas, the pure solvent had been left in 
the reservoir for two hours in order to dissolve any polymer 
deposited on the wall. After one pass of flushing, the fluid in the 
glass cylinder was replaced by new solvent and repeated the steps 
as described. The system was flushed two times between different 
degradation tests. 
b. Flow Rate Calibration. The setting of the variable 
driving pressure was selected to give the desired flow rate. With 
each capillary tube, the system was run first with pure solvent. 
Under a preset pressure, a fluid sample was then collected over a 
time period of 0.5 minute to 2.5 minutes, depending upon the flow 
rate, and the volume measured. A stop watch readable to 0.1 
seconds was used for the time measurements. The flow rate in 
cc/sec was thus obtained. The pressure was recorded as the pressure 
drop across the capillary tube. The pressure readings are 
considered accurate to only 5 psig. 
c. Solution Preparation. The solutions for degradation tes~ 
were prepared volumetrically by weighing approximately 0.0864 gm of 
sample into a 100 ml volumetric measuring flask. To make a 0.1 wt.% 
0 
polymer solution, toluene was added until the level at 25 C was right 
on the mark and the solution agitated until the polymers appeared to 
be dissolved and this was allowed to stand overnight at the room 
15 
temperature. Before use, the solution was shaken vigorously. 
d. Degradation of Polymer Solutions. A detailed procedure 
is described in Appendix A. In general, the polymer solution was 
charged to the reservoir and allowed to flow through a capillary at 
a preselected pressure for a preselected number of passes. A new 
polymer sample was used for each test. After testing, the solution 
was poured into a flask to be freeze-dried prior to the intrinsic 
viscosity determination. 
3. Intrinsic Viscosity Measurements. 
a. Estimated Molecular Weight for Polystyrene. Intrinsic 
viscosities of five polystyrene samples were measured in toluene at 
30°C. The viscosity and concentration data for the measurements are 
listed in Appendix C. 
Values of intrinsic viscosity were calculated from plots of 
Tl /c 
sp vs. c and (ln n )/c r vs. c. A typical plot is shown in 
Figure 3 and Appendix D. From the intercepts and slopes of these 
plots, intrinsic viscosities and Huggins constants were found by 




2 [n] - k"[n] c 2 2 
(3) 
(4) 
The average of [n] 1 and [n] 2 was taken as the true intrinsic viscosity, 
which are listed in Tables II through IX. 
The constants, K and a, for the equation: 
a 
[n] = KH 
v 
which relate intrinsic viscosity and molecular weight,were 
obtained from published literature. (l 2 ) For polystyrene-toluene 
0 
systems at 30 C, K = 0.978, a= 0.73. 
b. Solution Preparation. The solutions were prepared 
volumetrically by weighing approximately 0.0150 ± 0.0002 g. of 
dried polymer sample into a 5 ml volumetric flask. Toluene was 
added to the flask to just below the mark and the solution was 
16 
(5) 
shaken until the polymers appeared to be dissolved and was allowed to 
stand overnight in the water bath. The volumetric flask was 
clamped inside the constant temperature water bath. Additional 
solvent was added to the volumetric flask until the solvent level 
· h h k 30°C. was rlg t on t e mar at Before use, the solution was 
shaken vigorously. For all calculations and plotting, the concen-
tration of the solution was expressed in terms of the number of 
grams of polymer in 100 ml of solution (grams per deciliter). 
c. Viscosity Measurements. Procedure for the use of the 
Cannon-Ubbelohde Dilution Viscometer was described by Chen. (l 3 ) 
All polymer solutions and diluting solvents were added to the visco-
meter through a filter syringe, and the viscometer was kept closed 
all the time. Viscosity concentration measurements were made at four 
different dilutions. After a set of observations was taken, the 
solution from the viscometer was emptied into a bottle. The visco-
meter was rinsed two times and then filled again with toluene and 
left overnight for dissolving any residual polymer solute in the 
viscometer. The viscometer was dried by blowing nitrogen gas 
through it before beginning a new series of runs. 
17 
18 
IV. RESULTS AND DISCUSSION 
Polystyrene solutions, 0.1 wt.%, in toluene were tested in 
both glass capillary tubes and stainless steel capillary tubes at 
room temperature at various calculated wall shear rates. Intrinsic 
viscosities were used to derive viscosity average molecular 
weights for the five samples of polystyrene which were tested. 
Table Ilshows the polymer sample specification and the molecular 
weight calculated from equation (5) for polystyrene in toluene at 
30°C. The constants calculated for this system from the Huggins 
equation are also listed. 
Table II. Viscosity Average Holecular Weights of Polystyrene 
Polystyrene [ n J k' k" k' + k" H 
v Specification dl/g 
A 3.56 0.340 0.154 0.494 1.77 X 10 6 
B 2.13 0.331 0.167 0.498 8.76 X 10
5 
c 1. 29 0.321 0.181 0.502 4.40 X 10
5 
D 0.48 0.0 0.508 0.508 1.14 X 10
5 
E 0.15 0.476 0.0 0.476 2.20 X 10
4 
Intrinsic viscosity measurements were made after the degradation 
runs under various shearing conditions. The experimental data and 
the calculated Huggins constants are given in Tables III through IX. 
19 
Table III 
Shear degradation in 0.0105 in. ID long (L = 24.12 in.) stainless 5 
steel capillary tube at 200 psi (caluclated shear rate = 1. 36 x 10 
sec-1 , Reynolds number= 1831). 
Sample No. [n] [ n] - [ n J k' k" k'+k" 
Passes 0 
dl/g dl/g 
1 3.35 0.21 0.339 0.154 0.493 
A 10 3.21 0.35 0.352 0.148 0.500 
([n] =3.56) 40 3.10 0.46 0.338 0.153 0.491 
0 80 2.90 0.66 0.339 0.154 0.493 
1 2.09 0.04 0.339 0.160 0.499 
B 20 2.08 0.05 0.356 0.150 0.506 
([n] =2.13) 40 1.83 0.30 0.358 0.149 0.507 
0 80 1. 89 0.24 0.368 0.138 0.506 
1 1. 24 0.05 0.279 0.229 0.508 
c 40 1.16 0.13 0.342 0.157 0.499 ([n] =1.29) 80 1.19 0.10 0.363 0.142 0.495 0 
D 1 0.41 0.07 0.882 -0.380 0.502 ([nJ =0.48) 
0 
E 1 0.15 0.00 1. 524 -1.022 0.502 ([n]o =0.15) 
20 
Table IV 
Shear degradation in 0.0105 in. ID short (L = 12.06 in.) stainless 
steel capillary tube at 20 psi (calculated shear rate= 5.86 x 104sec-1 , 
Reynolds number= 786). 
Sample No. [n] [n]
0
-[n] k' k" k'+k" 
Passes 
dl/g dl/g 
A 1 3.46 0.10 0.345 0.150 0.495 10 3.30 0.26 0.345 0.150 0.495 
Table V 
Shear degradation in 0.0075 in. ID stainless steel capillary tube 
5 -1 (L = 7.75 in.) at 100 psi (calculated shear rate= 2.72 x 10 sec , 
Reynolds number= 1892). 
Sample No. [ ll] [n] -[n] k' k" k'+k" 
0 Passes 
dl/g dl/g 
1 3.37 0.19 0.352 0.150 0.502 A 10 3.32 0.24 0.346 0.152 0.498 
c 1 1. 23 0.06 0.347 0.157 0.504 
Table VI 
Shear degradation in 0.0056 in. ID stainless steel capillary tube 
( ) 5 -1 L = 7.71 in. at 200 psi (calculated shear rate= 4.21 x 10 sec , 
Reynolds number= 1589). 
Sample No. [ n] [n]
0
-[n] k' k" k'+k" 
Passes 
dl/g dl/g 
1 3.40 0.16 0.333 0.157 0.490 
5 3.30 0.26 0.340 0.152 0.492 
A 10 3.38 0.18 0.368 0.139 0.507 
20 3.35 0.21 0.320 0.172 0.492 
40 3.36 0.20 0.346 0.153 0.499 
c 1 1. 20 0.09 0.370 0.132 0.502 
Table VII 
Shear degradation in 0.0056 in. ID stainless steel capillary tube 
5 -1 (L = 7.71 in.) at 80 psi (calculated shear rate= 1.83 x 10 sec , 
Reynolds number= 692). 
Sample No. [ n] [n] 0 -[n] k' k" k'+k" 
Passes 
dl/g dl/g 
1 3.42 0.14 0.365 0.135 0.500 




Shear degradation in 0.0098 in. ID glass capillary tube (L = 10.37 in.) 
5 -1 at 60 psi (calculated shear rate= 1.72 x 10 sec , Reynolds 
number = 2031). 
Sample No. [ n] [n]
0
-[n] k' k" k'+k" 
Passes 
dl/g dl/g 
1 3.38 0.18 0.339 0.158 0.497 
A 10 3.39 0.17 0.352 0.147 0.499 
40 3.39 0.17 0.349 0.156 0.505 
Table IX 
Shear degradation in 0.0065 in. ID glass capillary tube 
5 -1 (L = 10.25 in.) at 200 psi (calculated shear rate= 3.91 x 10 sec , 
Reynolds number= 2046). 
Sample No. [ n J [n]
0
-[n] k' k" k'+k" 
Passes 
dl/g dl/g 
1 3.42 0.14 0.360 0.142 0.492 
A 10 3.35 0.21 0.289 0.210 0.499 
40 3.25 0.31 0.350 0.146 0.496 
Harrington and Zimm's capillary shearing experiments(ll) of 
dilute polystyrene solutions (Mv = 1.07 x 107 and 3.72 x 106) in 
toluene, conducted over the temperature range from 15 to 45°C, 
disclosed no evidence for temperature dependence of the degradation 
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process. Furthermore, the temperature at which thermal degradation 
of polystyrene becomes appreciable is found(l4) to be 276°C. There-
fore, the thermal contribution to degradation should be negligible 
at room temperature according to Harrington and Zimm. This observa-
tion appears to be correct for this work and the degree of chemical 
degradation at room temperature is not detectable. 
Reynolds numbers in this study did not exceed 2100, bel.ow which 
it is generally accepted that laminar flow exists. On the basis of 
these facts, it is concluded that mechanical degradation can take 
place under laminar flow conditions. 
For the shearing test in the 0.0105 in. ID (L = 24.12 in.) steel 
tube at 1.36 x ~o5sec-1 , the data as shown in Table III reveals 
that for equal pass numbers, the lower the initial molecular weight, 
the less the extent of degradation ([n] 0 - [n] ). This agrees 
directionally with Frenkel's theory(l5) that the hydrodynamic shear 
rate necessary to cause a rupture of a long-chain molecule is in-
versely proportional to the square of the number of segments in it. 
Thus, at the same shear rate, relatively high molecular weight polymers 
should be degraded more easily. Intrinsic viscosity measurements 
indicate that no degradation occurs in the solution of sample E, 
whichis believed to be a polymer near and below a critical molecular 
weight for the particular shear rate used. Above this molecular 
weight individual molecules, in sufficient concentration, suffered 
degradation. 
From all the data obtained in this study, it was found that the 
extent of degradation was not very high for the experimental para-
meters tested. 
Degradation obtained at 1.36 x 105sec-l through the 0.0105 in. 
ID steel capillary tube is recorded in Table III and Figure 2. Note 
that the degradation in sample A does not continue at a faster rate 
than sample B1 s initial rate. This is most probably because the 
degradation of both samples involve only the high molecular weight 
tail. Figure 2 shows the curves of intrinsic viscosities as a 
function of pass numbers. For higher molecular weight polymers A, 
B, and C, we can see they drop relatively fast during the first few 
passes and then level off. The fact that each succeeding passage 
had less and less influence on the decrease in viscosity is a clear 
indication that as the size of the polymer is decreased, it is less 
liable to be degraded. This is consistent with the results of 
sample A under all other shearing conditions except two, (1) in the 
0.0098 in. 
0.0056 in. 
5 -1 ID glass capillary at 1.72 x 10 sec , and (2) in the 
5 -1 ID steel tube at 4.21 x 10 sec . The extent of degrada-
24 
tion in both these cases is essentially constant after the first pass. 
Table X shows the intrinsic viscosities of polymer sample A 
([n]
0 
= 3.56) under various shearing conditions after one pass. 
Since the maximum error introduced in the intrinsic viscosity is 
± 0.08 (as shown in Appendix E), we can see that there are no real 
differences in any of the [n] measurements after one pass. It seems 
25 
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0 20 40 60 RO 
pass number 
Figure 2. Intrinsic Viscosity of Polystyrene Samples After Flowing 
5 -1 
Through the 0.0105 in. ID Stainless Steel Tube at 1.36xl0 sec 
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Table X 
Degradation of Polymer Sample A 
Under Various Shearing Conditions for 1 Pass 
Shear [ T) ] Diameter Reynolds Length Tube L/D 
Rate Number 
-1 dl/g in. in. sec 
1. 36 X 105 3.35 0.0105 1831 24.12 steel 2304 
5.86 X 104 3.46 0.0105 786 12.06 steel 1152 
2.72 X 105 3.37 0.0075 1892 7.75 steel 1029 
4.21 X 105 3.40 0.0056 1589 7. 71 steel 1390 
1. 83 X 105 3.42 0.0056 692 7.71 steel 1390 
1. 72 X 105 3.38 0.0098 2031 10.37 glass 1058 
3.91 X 105 3.42 0.0065 2046 10.25 glass 1568 
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that in all cases some critical value of L/D at a given shear rate 
has been exceeded, beyond which the degree of degradation is small 
(within the limits of our measurements). The limiting degree of 
degradation seems to show some dependence on shear rate as found by 
others( 6 ,S,ll). But the differences observed are not significant with 
the random error mentioned above, the shear rate range may not have 
been great enough to see the effect. 
From the results given in Tables VIII and IX for two different 
sizes of glass capillary tubing, it can be seen that the intrinsic 
viscosity decreases with increasing calculated shear rate. This is 
in agreement with the results presented by other workers( 6 •11 •16). 
Since the inner surface of the glass tube is much smoother than the 
metal tube, a lesser amount of degradation might be expected. 
However, the roughness effect cannot be evaluated at the L/D ratios 
used in these ex,Jeriments since a limiting amount of degradation 
seems to have been attained at each shear rate used. 
Tables II through IX also list experimentally obtained values of 
k', the Huggins constant. For polystyrene in toluene at high molecu-
lar weights, k' is equal to about 0.34 which is eoual to many values 
previously reported. However, the low molecular weight polystyrene 
(sample E, M =22,000) gave k' = 0.467. A similar increase ink' 
v 
for polystyrene at molecular weights below 50,000 has been reported 
by Simha and Zakin(ll) and by McCormick(lS). In Table III, for 
degraded polystyrenes D and E, the k' values are 0.882 and 1.524; 
there is no obvious explanation for this unusual phenomenon. 
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V. CONCLUSIONS AND RECOMl1ENDATIONS 
Intrinsic viscosities of five samples of polystyrene in toluene 
were determined by linear extrapolation of viscosity-concentration 
data using the Huggins equation. Huggins constants of about 0.34 
were found for three polystyrene samples of molecular weights between 
440,000 and 1,770,000 in toluene. Some higher values of k' were ob-
tained for lower molecular weight samples, confirming previous 
reports that the k' value rises at molecular weights below 50,000. 
For an equal number of passes through the 0.0105 in. ID steel tube 
5 -1 . 
at 1.36 x 10 sec , the lower the initial molecular weight of the 
polymer, the less the extent of degradation. No degradation was 
found in the solution of polystyrene-E,whichis a polymer near or 
below a critical molecular weight below which no degradation can 
occur. Under the same shearing condition, the intrinsic viscosities 
of higher molecular weight polymers A, B, and C decreased with 
increasing number of passes. The degradation of high molecular 
weight tails might cause this, if there is a critical molecular 
weight at a given shear rate. 
From a comparison of the degradation on polystyrene-A under 
various shearing conditions after one pass and the error which could 
be introduced in the intrinsic viscosity measurement, it is found 
that the extent of degradation is essentially constant in all kinds 
of capillary tubes. The effect of shear rate on limiting viscosity 
could not be regarded as significant at the levels of random error 
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estimated for these experiments. 
Although a great deal of work has been done on intrinsic vis-
cosity studies, error analysis of the data has seldom been reported. 
Porter and Johnson( 9 ) reported the precision of their data to be 
b tt th 5 h "1 b h. (2l) . e er an + %, w 1 e I ra 1m cla1med his to be better than +1%. 
The results of the present work are believed to be better than +2%. 
With the precision achieved by the present methods, it is difficult 
to give a rigorous interpretation of the data, therefore, newer 
methods must be developed in order to obtain more reliable results. 
It must be reemphasized that the equilibrium intrinsic vis-
cosity was not found to be dependent upon the initial intrinsic 
viscosity. The polymers utilized in this study were narrow molecular 
weight distribution samples and the degree of degradation may be 
different than for a polymer having a wide molecular weight dis-
tribution but having the same initial intrinsic viscosity. A 
study of the effects of molecular weight distribution on polymer 
degradation under the same conditions as were used in this experi-
ment is required to clarify this point. 
Since the advent of gel permeation chromatography has simpli-
fied the measurement of molecular weight distributions, the present 
studies can be extended by evaluating the change in molecular weight 
distribution for the purpose of establishing the mechanism of 
degradation and predicting the course of reaction. 
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VII. APPENDICES 
The operational procedure for the degradation test system is 
given in Appendix A. Appendix B contains the toluene data for 
capillary tubes. All experimental data for the intrinsic viscosity 
measurements collected during the investigation are listed in 
Appendix C. All sample calculations and a typical plot of n /c vs. c 
sp 
and (ln n )/c vs. c are given in Appendix D. Appendix E is an error 
r 




Operational Procedure for the Degradation Test System 
1. Charge the process fluid into the glass cylinder. Leave valve (2) 
open throughout the test. 
2. Open valve (1), (3) and (4), close valve (5) and stopcock (7), 
turn the three-way stopcock to the inlet of nitrogen gas. Then 
open valve (6), and the low-pressure nitrogen gas is introduced 
in to force the fluid in the glass cylinder to flow into the 
reservoir. 
3. When no fluid is remained in the glass cylinder, close valve (4). 
By operating valve (3), (5) and the regulator on the nitrogen 
gas cylinder, the nitrogen gas from the cylinder is regulated to 
the desired driving pressure. Then leave valve (3) and (5) 
be closed. 
4. Close valve (1), turn the three-way stopcock to the glass-discharge 
line and open stopcock (7). Then open valve (4) and (5), 
the fluid in the reservoir is forced to flow through the capillary 
tube and discharged into the glass cylinder. 
5. When no more fluid jet from the capillary, close valve (5), 
then open valve (3) and discharge the high-pressure nitrogen gas 
to the air. 
6. Repeat steps 2 to 5 to make another pass. 
APPENDIX B 
Toluene Data For Capillary Tubes 
Diameter Material Pressure Velocity Reynolds Calculated 
Drop Number Shear Rate 
psi ft/sec -1 inches sec 
.0105 stainless steel 200 14.88 1831 136' 000 
.0105 stainless steel 20 6.39 786 58,600 
.0075 stainless steel 100 21.37 1892 272,000 
.0056 stainless steel 200 24.35 1589 421,000 
.0056 stainless steel 80 10.61 692 183,000 
.0098 glass 60 17.62 2031 172,000 









































































































































































































sp n I c sp 
dl/g 
Sample A in 0.0105 in. ID (L = 24.12 in.) steel tube at 200 
for 1 pass, toluene efflux time = 160.9 sec 
1 0.30 376.8 1.34 4.47 2.34 
2 0.20 294.0 0.83 4.14 1. 83 
3 0.15 257.4 0.60 4.00 1. 60 
4 0.12 234.1 0.46 3.79 1. 46 
5 0.10 221.2 0.38 3.75 1. 38 
Sample A in 0.0105 in. ID (L 24.12 in.) steel tube at 200 
for 10 passes, toluene efflux time = 160.8 sec 
1 0.30 367.7 1. 29 4.29 2.29 
2 0.20 287.8 0.79 3.95 1. 79 
3 0.15 251.8 0.57 3. 77 1.57 
4 0.12 231.4 0.44 3.66 1.44 
5 0.10 218.5 0.36 3.59 1. 36 
Sample A in 0.0105 in. ID (L 24.12 in.) steel tube at 200 
for 40 passes, toluene efflux time = 160.7 sec 
1 0.30 356.9 1. 22 4.07 2.22 
2 0.20 281.1 0.75 3.75 1. 75 
3 0.15 247.6 0.54 3.61 1. 54 
4 0.12 228.0 0.42 3.50 1. 42 
5 0.10 216.0 0.35 3.45 1. 35 
Sample A in 0.0105 in. ID (L 24.12 in.) steel tube at 200 
for 80 passes, toluene efflux time 160.5 sec 
1 0.30 341.8 1.13 3. 77 2.13 
2 0.20 272.5 0.70 3.49 1. 70 
3 0.15 240.6 0.50 3.33 1.50 
4 0.12 221.8 0.38 3.18 1. 38 
5 0.10 211.4 0.32 3.17 1. 32 
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Sample B in 0.0105 in. ID (L = 24 .12 in. ) steel tube at 200 
for 1 pass, toluene efflux time = 160.8 sec 
1 0.30 283.3 0.76 2.54 1. 76 
2 0.20 237.7 0.48 2.39 1.48 
3 0.15 217.0 0.35 2.33 1. 35 
4 0.12 204.6 0.27 2.27 1. 27 
5 0.10 196.9 0.22 2.25 1.22 
Sample B in 0.0105 in. ID (L = 24.12 in.) steel tube at 200 
for 20 passes, toluene efflux time = 160.5 sec 
1 0.30 282.5 0.76 2.53 1. 76 
2 0.20 237.3 0.48 2.39 1.48 
3 0.15 216.1 0.36 2.31 1.36 
4 0.12 204.2 0.27 2.27 1. 27 
5 0.10 196.7 0.23 2.26 1. 23 
Sample B in 0.0105 in. ID (L = 24.12 in.) steel tube at 200 
for 40 passes, toluene efflux time 160.7 sec 
1 0.30 266.2 0.66 2.19 1.66 
2 0.20 227.2 0.41 2.07 1.41 
3 0.15 209.1 0.30 2.01 1.30 
4 0.12 198.1 0.23 1. 94 1.23 
5 0.10 191.8 0.19 1. 94 1.19 
Sample B in 0.0105 in. ID (L 24.12 in.) steel tube at 200 
for 80 passes, toluene efflux time 160.5 sec 
1 0.30 269.8 0.68 2.27 1. 68 
2 0.20 230.1 0.43 2.17 1.43 
3 0.15 210.9 0.31 2.09 1.31 
4 0.12 199.8 0.25 2.04 1. 25 
5 0.10 192.7 0.20 2.01 1.20 
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Intrinsic Viscosity Measurement Data 
No. Cone. Efflux n n /c llr (ln n )/c 
Time sp sp r 
g/dl sec dl/g dl/g 
Sample C in 0.0105 in. ID (L = 24. 12 in.) steel tube at 200 psi for 
1 pass, toluene efflux time 160.9 sec 
1 0.30 228.1 0.42 1. 39 1.42 1.16 
2 0.20 203.7 0.27 1.33 1. 27 1.18 
3 0.15 192.1 0.19 1. 29 1.19 1.18 
4 0.12 185.7 0.15 1. 28 1.15 1.19 
5 0.10 181.3 0.13 1. 27 1.13 1.19 
Sample c in 0.0105 in. ID (L = 24.12 in.) steel tube at 200 psi 
for 40 passes, toluene efflux time = 160.7 sec 
1 0.30 223.1 0.39 1. 29 1. 39 1.09 
2 0.20 200.9 0.25 1. 25 1. 25 1.12 
3 0115 189.8 0.18 1. 21 1.18 1.11 
4 0.12 184.3 0.15 1. 22 1.15 1.14 
5 0.10 180.0 0.12 1. 20 1.12 1.13 
Sample c in 0.0105 in. ID (L 24.12 in.) steel tube at 200 psi for 
80 passes, toluene efflux time = 160.8 sec 
1 0.30 225.8 0.40 1. 35 1.40 1.13 
2 0.20 202.5 0.26 1.30 1.26 1.15 
3 0.15 191.1 0.19 1. 26 1.19 1.15 
4 0.12 184.8 0.15 1. 24 1.15 1.16 
5 0.10 180.4 0.12 1. 22 1.12 1.15 
Sample D in 0.0105 in. ID (L - 24.12 in.) steel tube at 200 psi 
for 1 pass, toluene efflux time = 160.9 sec 
1 0.30 182.8 0.14 0.45 1.14 0.43 
2 0.20 174.8 0.09 0.43 1.09 0.41 
3 0.15 171.3 O.!D7 0.43 1. 07 0.42 
4 0.12 169.3 0.05 0.44 1.05 0.42 
5 0.10 167.6 0.04 0.42 1.04 0.41 
No. 









Sample E in 0.0105 in. ID (L = 24.12 in.) steel tube at 200 
for 1 pass, toluene efflux time = 160.9 sec 
1 0.30 168.3 0.05 0.15 1.05 
2 0.20 165.7 0.03 0.15 1.03 
3 0.15 164.5 0.02 0.15 1.02 
4 0.12 163.8 0.02 0.15 1.02 
5 0.10 163.2 0.01 0.14 1.01 
Sample A in 0.0105 in. ID (L 12.06 in.) steel tube at 20 
for 1 pass, toluene efflux time = 160.9 sec 
1 0.30 386.7 1.40 4.68 2.40 
2 0.20 299.5 0.86 4.31 1.86 
3 0.15 259.3 0.61 4.08 1. 61 
4 0.12 237.2 0.47 3.95 1.47 
5 0.10 223.7 0.39 3.90 1.39 
Sample A in 0.0105 in. ID (L 12.06 in.) steel tube at 20 
for 10 passes, toluene efflux time = 160.9 sec 
1 0.30 374.0 1. 32 4.42 2.32 
2 0.20 291.4 0.81 4.06 1.81 
3 0.15 255.0 0.59 3.90 1. 59 
4 0.12 234.3 0.46 3.80 1.46 
5 0.10 220.1 0.37 3.68 1. 37 
Sample A in 0.0075 in. ID steel tube at 100 psi for 1 pass, 
toluene efflux time = 160.7 sec 
1 0.30 380.9 1. 37 4.57 2.37 
2 0.20 295.1 0.84 4.18 1. 84 
3 0.15 256.8 0.60 3.99 1.60 
4 0.12 235.1 0.46 3.86 1. 46 
5 0.10 221.4 0.38 3.78 1.38 
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Intrinsic Viscosity Measurement Data 
No. Cone. 
g/dl 
Sample A in 0.0075 






Sample c in 0.0075 






Sample A in 0.0056 






Sample A in 0.0056 









in. ID steel 
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(ln n ) I c 
r 
dl/g 
psi for 10 passes, 
4.46 2.34 2.83 
4.09 1. 82 2.99 
3.91 1. 59 3.08 
3.80 1.46 3.13 
3. 71 1. 37 3.15 
psi for 1 pass, toluene 
1.40 1. 42 1.17 
1. 36 1. 27 1. 20 
1. 31 1. 20 1.19 
1. 30 1.16 1. 21 
1. 28 1.13 1. 20 
psi for 1 pass, 
4.54 2.36 2.87 
4.18 1. 84 3.04 
4.01 1. 60 3.14 
3.89 1. 47 3.19 
3.79 1. 38 3.22 
psi for 5 passes, 
4.41 2.32 2.81 
4.03 1.81 2.96 
3.87 1.58 3.05 
3. 77 1.45 3.11 
3.69 1. 37 3.14 
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Sample A in 0.0056 in. ID steel 
toluene efflux time = 160.7 sec 
1 0.30 384.7 
2 0.20 296.3 
3 0.15 257.9 
4 0.12 236.2 
5 0.10 222.4 
Sample A in 0.0056 in. ID steel 
toluene efflux time = 160.6 sec 
1 0.30 374.2 
2 0.20 291.4 
3 0.15 254.9 
4 0.12 233.5 
5 0.10 220.3 
Sample A in 0.0056 in. ID steel 
toluene efflux time = 160.6 sec 
1 0.30 377.3 
2 0.20 293.8 
3 0.15 255.7 
4 0.12 234.5 
5 0.10 220.9 
Sample c in 0.0056 in. ID steel 
toluene efflux time = 160.9 sec 
1 0.30 226.1 
2 0.20 203.4 
3 0.15 191.8 
4 0.12 185.5 
5 0.10 181.1 



























(ln n )/c 
r 
dl/g 
psi for 10 passes, 
4.65 2.39 2.91 
4.22 1.84 3.06 
4.03 1.61 3.15 
3.92 1.47 3.21 
3.84 1.38 3.25 
psi for 20 passes, 
4.43 2.33 2.82 
4.07 1.81 2.98 
3.91 1. 59 3.08 
3.78 1.45 3.12 
3.72 1. 37 3.16 
psi for 40 passes, 
4.50 2.35 2.85 
4.15 1.83 3.02 
3.95 1. 59 3.10 
3.83 1.46 3.15 
3.76 1. 38 3.19 
psi for 1 pass, 
1. 35 1.41 1.13 
1.32 1. 26 1.17 
1. 28 1.19 1.17 
1. 27 1.15 1.19 






































sp n /c sp 
dl/g 
A in 0.0056 in. ID steel tube at 80 psi 
time = 160.9 sec 
0.30 387.6 1. 41 4.70 
0.20 298.9 0.86 4.29 
0.15 258.8 0.61 4.06 
0.12 237.5 0.48 3.97 
0.10 223.3 0.39 3.88 
A in 0.0056 in. ID steel tube at 80 psi 
efflux time = 160.7 sec 
0.30 382.4 1. 38 4.60 
0.20 296.0 0.84 4.21 
0.15 257.5 0.60 4.02 
0.12 236.6 0.47 3.94 
0.10 222.0 0.38 3.81 
A in 0.0098 in. ID glass tube at 60 psi 
efflux time = 160.7 sec 
0.30 379.5 1. 36 4.54 
0.20 294.5 0.83 4.16 
0.15 256.3 0.60 3.97 
0.12 235.1 0.46 3.86 
0.10 221.3 0.38 3. 77 
A in 0.0098 in. ID glass tube at 60 psi 
efflux time = 160.7 sec 
0.30 382.4 1. 38 4.60 
0.20 296.2 0.84 4.22 
0.15 257.3 0.60 4.01 
0.12 235.6 0.47 3.88 
0.10 222.3 0.38 3.83 















for 10 passes, 
2.38 2.89 
1. 84 3.05 
1. 60 3.14 
1.47 3.22 
1.38 3.23 
for 1 pass, 
2.36 2.86 
1.83 3.03 
1. 60 3.11 
1.46 3.17 
1.38 3.20 
for 10 passes, 
2.38 2.89 
1.84 3.06 
1. 60 3.14 
1. 47 3.19 
1. 38 3.25 
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Sample A in 0.0098 in. ID glass 
toluene efflux time= 160.7 sec 
1 0.30 382.1 
2 0.20 295.8 
3 0.15 257.0 
4 0.12 235.9 
5 0.10 222.0 
Sample A in 0.0065 in. ID glass 
toluene efflux time • 160.7 sec 
1 0.30 386.0 
2 0.20 297.7 
3 0.15 258.8 
4 0.12 236.8 
5 0.10 222.6 
Sample A in 0.0065 in. ID glass 
toluene efflux time = 160.7 sec 
1 0.30 379.5 
2 0.20 294.2 
3 0.15 257.3 
4 0.12 234.6 
5 0.10 220.9 
Sample A in 0.0065 in. ID glass 
toluene efflux time .. 160.7 sec 
1 0.30 371.2 
2 0.20 289.2 
3 0.15 252.5 
4 0.12 232.2 


































(ln n )/c 
r 
dl/g 
psi for 40 passes, 
4.59 2.38 2.89 
4.20 1. 84 3.05 
4.00 1. 60 3.13 
3.90 1. 4 7 3.20 
3.81 1. 38 3.23 
psi for 1 pass, 
4.67 2.40 2.92 
4.26 1. 85 3.08 
4.07 1. 61 3.18 
3.95 1. 4 7 3.23 
3.85 1. 39 3.26 
psi for 10 passes, 
4.54 2.36 2.86 
4.15 1. 83 3.02 
4.01 1. 60 3.14 
3.83 1. 46 3.15 
3.75 1. 38 3.18 
psi for 40 passes, 
4.37 2.31 2.79 
4.00 1. 78 2.94 
3.81 1. 57 3.01 
3. 71 1. 45 3.07 




1. Capillary tube diameters 
In order to show the process used in obtaining the capillary tube 
diameters, a review of the calculations will be presented for the 
0.0056 inch diameter stainless steel capillary tube using toluene. 
(1) 
Q 0.0505 cc/min 
L 7.71 in. 
-5 2 ~ - 0.569 cp = 1.1886 x 10 lbf-sec/ft 
p 0.8641 g/cc 
llP= 80 psi 
D 2 ( 8QL~ )1/4 = 
nllP t 3 2 1 l/4 cc/sec)(ft /cc)(ft)(lbf-sec/ft )(in/ft) (lbf/in2)(in/ft) 2 
411/4 
= 2 E8) (0.0505) (1/30.48) 3 (7. 71/12) (1.1886xl0-5 ) (12)j 
(n) (80) (144) 
= 0.0056 in. 
A diameter was calculated in this manner for each point in the 
set of data for each tube (Table I). The values ranged from 0.0055 
to 0.0056 inches. The average of these calculated diameters was 
taken as the true diameter, which for this tube was 
D = D = 0.0056 inches 
average 
2. Velocity, Reynolds Number and Shear Rate at the Wall 
(Data used are the same as in Item A) 
a. Velocity 
v = ±9.2 7TD 
= 
3 (cc/sec)(ft /cc) 
(ft ) 
(4)(0.0505)(1/30.48) 3 
(7T)(0.0056/12) 2 = 10.61 ft/sec 
b. Reynolds Number 
3 (ft)(ft/sec)(g/cc)(cc/ft )(lb /g) 
m 
lb /ft-sec 
ttl (cp) (-~---) 
cp 
= (0.0056/12)(10.61)(0.8641)(30.48) 3 (1/453.6) 
(0.569)(6.72 X 10-4 ) 
c. Shear Rate at the Wall (laminar region) 
( _ dv) 
dr w 8V/D 
(ft/sec) 








3. Intrinsic Viscosity and Huggins Constant 
A typical plot of n /c vs. c and (ln n )/c vs. c is shown in 
sp r 
Figure 3, which is the result of the degradation test on polystyrene-A 
solution in 0.0056 in. ID stainless steel capillary tube under 
200 psi for 40 passes, the viscosity measurement data are given in 
Appendix C, page 33. 
According to equation (3) and (4) on page 14,the intercept of 
the straight lines is the intrinsic viscosity of the polymer: 
[nJ 1 = [nJ 2 = [n] = 3.36 
the slope of n /c is 3.90, thus 
sp 
2 k' [n] = 3.90 
k' [n] 2 
k' = [n]2 
the slope of (ln n )/c 
r 
2 k"[n] = 1.73 
k" 
3.9 








































Figure 3. Reduced and Inherent Viscosity-Concentration Curves for 
the Degradation of Polymer Sample A in 0.0056 in. ID Stainless 
-5 -1 
Steel Tube at 4.2lxl0 sec 
APPENDIX E 
Error Analysis For Intrinsic Viscosity Measurement 
In the preparation of solution for viscosity measurement, 
the uncertainty in the weight reading of the balance was +0.0002 
grams, the error in the volume reading on the volumetric flask 
was +0.025 ml. By dissolving 0.15g polymer into 5ml of solution, 





and w + ~w c + ~c = 
v + ~v 
0.15g, ~w ~ 0 0002g v . , 5ml and ~v = 0.025ml, then 
w + ~w v~w - w~v 
~c = - c = 
v + ~v v(v + ~v) 
5 X 0.0002 - 0.015 X 0.025 
25 - 0.125 g/ml 
= 2.51 x l0-5g/ml or -3 2.51 X 10 g/dl 
thus the concentration is 0.3+ 0.00251 g/dl. 
The efflux time was measured with an accurate electric 
timer which can be read within +0.1 second. The temperature of 
the water bath can be maintained within 30 + 0.05°C. Considering 
the error introduced by any small temperature difference to be 
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negligible, we can calculate the uncertainty of the relative viscosity 
by 
n = t/t 
r o 
where t and t are the efflux time of solution and solvent 
0 
respectively, and 
~t 0.1 sec 




(t - t )6t 
0 
t(t + 6t) 
0 
the highest value of t in our experiments is 391.8 sec, the 
lowest value oft is 160.7 sec, thus we obtain the maximum 
0 
error in nr as 
6n = 
r 
and 6n = 6n . 
sp r 
(391.8- 160.7) X 0.1 
160.7(160.7 + 0.1) = 0.0009 
Thus the maximum error introduced in the reduced viscosity 
can be calculated from the information given above, 
n + 6n 
sp sp 
c + 6c 
n 6n 
sp + sp c6n - n 6c sp sp 
c + 6c c(c + c) 
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the minimum value for nsp in this study is 0.0149 and the correspond-
ing concentration is 0.10 which is also the lowest concentration used. 
0.10 X 0.0009 - 0.0149 X 0.00251 
0.1 X 0.10251 
0.084dl/g 
dl/g 
So, the uncertainty in the evaluation of the intrinsic viscosity 
is + 0.084 dl/g, which is about 2% of the highe~t intrinsic viscosity 
value ( [n]=3.56 ) that He obtained. 
APPENDIX F 
Nomenclature 
a exponent in equation (5) 
c concentration 
c* concentration at ;,vhich the rate of degradation 
exhibits a maximum 
~c absolute value of error in concentration measurement 
D diameter, inches 
ID inside diameter, inches 
OD outside diameter, inches 
k' Huggins constant 
k" constant in equation (4) 
K constant in equation (5) 
L capillary length, inches 
-M number average molecular weight, grams/gram-mole 
n 
M viscosity average molecular weight, grams/gram-mole 
v 
M 'N"eight average molecular weight, grams/ gram-mole 
w 
~p pressure drop across the tube, lb/in2 
Q flow rate, cc/sec 
R radius of tube, inches 
r radial coordinate 
t efflux time of solution, seconds 
to efflux time of solvent, seconds 
~t absolute value of the error in time-reading 
V bulk velocity, ft/sec 
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v velocity of flow along the tube, ft/sec 
w weight, grams 
~w absolute value of the uncertainty in the weight reading 
of the balance 







:Lntrinsic viscosity calculated from plots of 
n /c vs. c • deciliters/gram 
sp 
intrinsic viscosity calculated from plots of 
(ln n )/c w;. c , deciliters/gram 
r 
true intrinsic viscosity, deciliters/gram 
intrinsic viscosity of initial sample, deciliters/gram 
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